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We have carried out an experiment to search for a neutron-rich hypernucleus, 6ΛH, by the
6Li(π−, K+)
reaction at pπ− = 1.2 GeV/c. The obtained missing-mass spectrum with an estimated energy resolution
of 3.2 MeV (FWHM) showed no peak structure corresponding to the 6ΛH hypernucleus neither below nor
above the 4ΛH+2n particle decay threshold. An upper limit of the production cross section for the bound
6
ΛH hypernucleus was estimated to be 1.2 nb/sr at 90% conﬁdence level.
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Since the ﬁrst discovery of a cosmic-ray induced hyperfrag-
ment formation event in emulsion [1], various Λ-hypernuclei have
been observed. Especially, extensive studies have been made by
missing-mass spectroscopy with magnetic spectrometers by using
the (K−,π−) and (π+, K+) reactions [2–5], and the properties of
the ΛN interaction have been extracted from the level structures
of the Λ-hypernuclei. Furthermore, details of the spin-dependent
interactions have been studied by γ -ray spectroscopy with germa-
nium and NaI detectors [6–8].
When we embed a Λ hyperon in a nucleus, there are several
interesting features theoretically expected for some speciﬁc hyper-
nuclei. One example is the glue-like role of a Λ hyperon in the
hypernuclei. Unstable nuclei such as 8Be become stable against the
particle decays by adding a Λ hyperon. The glue-like role gives a
critical contribution to the binding especially around the proton-
and neutron-drip lines, and may extend the boundary of stability
of nuclei. Another example is a large effect of the ΛN–ΣN mixing
which was ﬁrst discussed by Gibson et al. for s-shell Λ-hypernuclei
[9]. The idea has been extended to the coherent ΛN–ΣN mix-
ing by Akaishi et al. to understand the binding energies of s-shell
Λ-hypernuclei systematically [10]. A non-zero isospin of the core
nucleus is essential for the large mixing because the core nucleus
is a buffer of the isospin to compensate the isospin difference be-
tween Λ and Σ . The studies on the neutron-rich Λ-hypernuclei
with a large isospin are important to understand the properties of
the ΛN–ΣN mixing effect.
The highly neutron-rich Λ-hypernucleus 6ΛH was ﬁrst discussed
by Dalitz and Levi-Setti [11]. They predicted the Λ-binding en-
ergy of the ground state to be 4.2 MeV based on the knowledge
of the core nucleus 5H at that time. Later on, Korsheninnikov et
al. reported an observation of the 5H ground state as a resonant
state unbound by 1.7 MeV with respect to the t + 2n thresh-
old [12]. Including the new experimental information, there were
extensive theoretical discussions on the structure of 6ΛH. Akaishi
and Yamazaki suggested a considerably large binding energy of
5.8 MeV for the 0+ ground state due to rather large contribution
of 1.4 MeV from the coherent ΛN–ΣN mixing [13]. Gal and Mil-
lener predicted a binding energy of (3.83± 0.08± 0.22) MeV by a
shell-model calculation [14]. Hiyama et al. performed t +n+n+Λ
four-body cluster-model calculation, which reproduced the proper-
ties of 5H as well, and obtained a binding energy of 2.47 MeV [15].
These theoretically estimated binding energies were distributed
from bound to unbound regions with respect to the 4ΛH+2n parti-
cle decay threshold, which corresponded to a Λ-binding energy of
3.74 MeV, and were quite sensitive to the ΛN interaction and the
properties of the core nucleus 5H.
The double charge-exchange (DCX) reactions, such as the
(K−,π+) and the (π−, K+) reactions, are promising spectro-
scopic tools to access the Λ-hypernuclei close to the neutron
drip-line [16]. The ﬁrst study of the neutron-rich Λ-hypernuclei
with the DCX reaction was performed at the KEK proton syn-
chrotron facility by using the (K−stopped,π
+) reaction, and upper
limits of the production cross sections for several neutron-rich
Λ-hypernuclei were provided [17]. Another DCX reaction, the
10B(π−, K+) reaction at 1.2 GeV/c, was measured in the KEK-E521
experiment [18]. Since there was no physical background in the
(π−, K+) reaction, the 10ΛLi production events were clearly ob-
served in the Λ bound region. The production cross section was
reported (11.3± 1.9) nb/sr which was roughly 10−3 of that of the
non-charge-exchange (π+, K+) reaction. Possible reaction mech-
anisms of the (π−, K+) reaction were discussed by Harada et
al. from a theoretical point of view [19]. The FINUDA Collabora-
tion also measured the (K− ,π+) reaction [20] and recentlystoppedFig. 1. Schematic view of the K1.8 beam line spectrometer (from GC to BH2), the
target area (SSD and Target) and the SKS spectrometer (from SFT to LC). See the
text for more details.
reported three candidate events of 6ΛH by the simultaneous mea-
surement of both the production and the mesonic weak decay
processes of 6ΛH [21]. The FINUDA Collaboration reported a binding
energy for 6ΛH close to the Dalitz and Levi-Setti calculation. How-
ever, because of the small number of the candidate events, the
FINUDA observation should be conﬁrmed with higher statistics.
2. J-PARC E10 experiment
The J-PARC E10 experiment was proposed to produce the
neutron-rich Λ-hypernucleus 6ΛH by using the
6Li(π−, K+) reac-
tion at 1.2 GeV/c and to study its structure. The experiment is
performed at the K1.8 beam line of J-PARC Hadron Experimental
Facility. The K1.8 beam line spectrometer [22] and the Supercon-
ducting Kaon Spectrometer (SKS) [22,23] are used after modiﬁca-
tions to cope with the high beam intensity, more than 107 pions
per spill (2s duration) occurring every 6s, which is necessary to
override the tiny production cross section. Fig. 1 shows the K1.8
beam line and the SKS spectrometers.
The K1.8 beam line spectrometer consists of a gas Cˇerenkov
counter (GC), a scintillating ﬁber tracker (BFT), QQDQQ magnets,
two drift chambers (BC3 and BC4) and a timing plastic scintilla-
tion hodoscope (BH2). BFT is a scintillating ﬁber tracker with a xx′
structure and is made of scintillating ﬁbers with 1 mm diameter.
The light signals from the scintillating ﬁbers are read out by MP-
PCs (Multi Pixel Photon Counters) and the EASIROC system [24].
The time resolution is 0.86 ns (rms) which is good enough to re-
duce accidental hits due to the high rate beams. BC3 and BC4 are
3 mm wire pitch drift chambers. BH2 is a timing plastic scintil-
lator placed at the exit of the K1.8 beam line spectrometer. BH2
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Summary of runs. Target material and thickness, and beam momentum and intensity are listed.
Run Target Beam
Material Thickness (g/cm2) Momentum (GeV/c) Intensity (pion/spill)
6Li(π−, K+) 6Li (95.54% enriched) 3.5 1.2 (1.2–1.4) × 107
12C(π+, K+) graphite 3.6 1.2 4.1× 106
p(π−, K+)Σ− (CH2)n 3.4 1.377 1.3× 107
p(π+, K+)Σ+ (CH2)n 3.4 1.377 3.5× 106
beam-through none 0.8, 0.9, 1.0, 1.2 ∼104deﬁnes the start timing of the readout and the DAQ systems and
counts the number of incoming pions. The time resolution of BH2
is 90 ps (rms). The pion beam momentum is reconstructed to an
accuracy of 3.3× 10−4 (FWHM) by using a 3rd-order transfer ma-
trix and the hit position information from BFT, BC3, and BC4.
An enriched 6Li target (95.54%) of 3.5 g/cm2 in thickness,
70 mm in width and 40 mm in height is used. The typical beam
proﬁle, 56 mm in horizontal and 28 mm in vertical (FWTM), is
fully covered with the target. To reconstruct the reaction vertex
point precisely and to ﬁnd the right combination of upstream and
downstream tracks for multi-track events, silicon strip detectors
(SSD), with a 80 μm strip pitch, are installed just upstream the
target.
The SKS spectrometer consists of a scintillating ﬁber tracker
(SFT), three drift chambers (SDC2, SDC3 and SDC4), a supercon-
ducting magnet, a timing plastic scintillator hodoscope (TOF) and
two threshold-type Cˇerenkov counters (LAC and LC). The SKS mag-
netic ﬁeld is 2.16 T and the momentum acceptance of the SKS
spectrometer ranges from 0.7 to 1.4 GeV/c. The kaon momentum
from the 6Li(π−, K+) 6ΛH reaction is around 0.9 GeV/c, while the
angular acceptance of the SKS spectrometer is roughly 100 msr at
that momentum. SFT is a scintillating ﬁber tracker with a xx′vu
structure. The x and x′ planes have a similar structure of BFT. The
v and u planes tilted by 45 degrees are made of scintillating ﬁbers
with 0.5 mm diameter. The time resolutions are 0.87 ns and 1.17 ns
(rms) for the xx′ and uv planes, respectively. SDC2 is a 5 mm wire
pitch drift chamber. SFT and SDC2 are placed at the entrance of the
SKS magnet. SDC3 and SDC4 are 20 mm wire pitch drift chambers
placed at the exit of the SKS magnet. TOF is a timing plastic scin-
tillator and the timing resolution is 85 ps (rms). LAC and LC are
threshold-type Cˇerenkov counters with a n = 1.05 silica aerogel
and a n = 1.49 acrylic radiators, respectively. Kaons do not exceed
the Cˇerenkov threshold of LAC and exceed the threshold of LC for
the momentum range covered by SKS. The scattered particle mo-
mentum is reconstructed to an accuracy of 0.1% (FWHM) by using
Runge–Kutta integration method with the hit position information
of SFT, SDC2, SDC3 and SDC4.
The on-line trigger for the measurements of the (π±, K+) reac-
tions consists of the 1st level trigger deﬁned as BH2×TOF× LAC×
LC and the 2nd level trigger to reduce proton backgrounds by us-
ing the BH2–TOF time-of-ﬂight information. The data are taken by
a network based DAQ system, HDDAQ [25], which integrates sev-
eral kinds of conventional DAQ subsystems.
3. Results
Table 1 shows a summary of runs of the J-PARC E10 experiment.
Before the measurement of the DCX reaction on the 6Li target, we
measured the 12C(π+, K+)12ΛC reaction at the beam momentum of
1.2 GeV/c to evaluate the missing-mass resolution in a kinematical
condition close to that of the 6Li(π−, K+)6ΛH reaction. A graphite
target of 3.6 g/cm2 in thickness was used, and the beam inten-
sity was 4.1 × 106 pion/spill. Fig. 2 shows the excitation energy
spectrum of the 12C hypernucleus obtained from the measurement.ΛFig. 2. Excitation energy spectrum of the 12C(π+, K+)12ΛC reaction at the beam mo-
mentum of 1.2 GeV/c. The ground (sΛ) and excited (pΛ) states are clearly observed.
The missing-mass resolution is estimated by ﬁtting the ground and known excited
states. The dashed curves show the best ﬁt Gaussian functions for these states and
the solid curve is the sum.
The ground (sΛ) and excited (pΛ) states of the 12ΛC hypernucleus
are clearly observed. The ground state region is ﬁtted with three
Gaussian functions corresponding to the ground and to known ex-
cited states at 2.833 and 6.050 MeV [26,27]. A same width of the
Gaussian function is used for the three states. The missing-mass
resolution is estimated to be 3.2 MeV (FWHM).
We performed the pion beam-through runs at four momen-
tum settings, 0.8, 0.9, 1.0 and 1.2 GeV/c, without the target to
evaluate the momentum difference between the K1.8 beam line
and the SKS spectrometers. We also measured the p(π−, K+)Σ−
and the p(π+, K+)Σ+ reactions at 1.377 GeV/c to calibrate the
beam momentum with a (CH2)n target of 3.4 g/cm2 in thickness.
The pion beam momentum 1.377 GeV/c was selected so that the
produced K+ momentum in the p(π±, K+)Σ± reaction coincides
with that in the 6Li(π−, K+) 6ΛH reaction at 1.2 GeV/c. The beam
intensities in the Σ− and Σ+ production runs were 1.3 × 107
and 3.5 × 106 pion/spill, respectively. The momenta of particles
measured by the K1.8 beam line spectrometer are corrected with
a 1st-order polynomial function by considering the results of the
beam-through run at 0.9 GeV/c and the Σ+ production reaction.
Furthermore, the effect of the beam polarity change from π+ to
π− to the missing-mass is evaluated by the Σ− production re-
action. The momenta of scattered particles measured by the SKS
spectrometer are not corrected because the SKS magnetic ﬁeld is
ﬁxed in all runs. In the case of the 1.2 GeV/c beam momentum
used in the 6Li(π−, K+) reaction measurement, the amount of the
momentum correction is −1.2 MeV/c. The systematic uncertainty
of the beam momentum is estimated from the beam-through runs
at 0.8, 1.0 and 1.2 GeV/c after the momentum correction. The mo-
mentum differences after the correction are −1.46, +1.62, and
42 J-PARC E10 Collaboration / Physics Letters B 729 (2014) 39–44Fig. 3. Mass squared vs. momentum plot of the scattered particles measured by the
SKS spectrometer in the 6Li(π−, K+) reaction. Two curves in the ﬁgure show the
momentum-dependent 2σ cut for the kaon selection.
−0.79 MeV/c at 0.8, 1.0, and 1.2 GeV/c, respectively. From these
values, the systematic uncertainty is estimated to be ±1.34 MeV/c.
We performed the measurement of the 6Li(π−, K+) reaction at
the beam momentum of 1.2 GeV/c. We used high intensity beams
of 1.2–1.4× 107 pion/spill and the effective total number of beam
pions on the target was 1.4×1012 taking into account the DAQ ef-
ﬁciency. Since the (π−, K+) reaction has no physical background
and the cross section of the reaction is very small, contaminations
from the miss-identiﬁcation of π+ and proton are the source of
the backgrounds. Fig. 3 shows the mass squared vs. momentum
plot of the particles measured by the SKS spectrometer. We se-
lected kaons by a momentum-dependent cut at ±2σ of the mass
squared resolution as indicated with curves in the ﬁgure. The con-
tamination of protons in the K+ cut region is at 1% level in the
momentum range of 0.68–1.2 GeV/c, and the contamination of π+
is negligibly small.
For quantitative discussions of the 6Li(π−, K+) reaction, the
double differential cross section is derived from the following
equation,
d2σ
dΩ dM
= A
NAρx
nK
Nbeam	Ω	M

, (1)
where nK is the number of detected kaons in the missing-mass
interval 	M . NA is the Avogadro number, and A and ρx are the
atomic mass and the thickness in g/cm2 of the target, respectively.
Nbeam is the effective number of beam pions on the target in-
cluding the DAQ eﬃciency. 	Ω is the angular acceptance of the
SKS spectrometer. An acceptance map of SKS in the 2-dimensional
space of the momentum and the emission angle of K+ is esti-
mated by a Monte Carlo simulation calculation based on geant4
package [28]. 
 is the overall eﬃciency comes from detector and
analysis eﬃciencies estimated from experimental data. The differ-
ential cross section is also derived as follows,
dσ
dΩ
= A
NAρx
NK
Nbeam	Ω

, (2)
where NK is the number of detected kaons, and NK =∑nK where
the summation runs over a spectral shape of signal events in the
missing-mass spectrum.
To conﬁrm the validity of the procedure of the cross section
calculation, we estimated the cross section of the p(π−, K+)Σ−
reaction with the same method. Fig. 4 shows the estimated dif-
ferential cross section, dσcm/dΩ , in the center of mass frame (fullFig. 4. Differential cross section of the p(π−, K+)Σ− reaction in the center of mass
frame as a function of the beam momentum. The open circles and the open box are
the cross sections reported by Good et al. [29] and Dahl et al. [30], respectively. The
full circle shows the present result.
Fig. 5. Missing-mass spectrum of the 6Li(π−, K+) reaction at 1.2 GeV/c. The ordi-
nate shows the double differential cross section averaged over the angular range
from 2 to 14 degrees. A magniﬁed view around the Λ bound region is shown
in the inset. The arrow labeled as 4ΛH + 2n shows the particle decay threshold
(5801.7 MeV/c2).
circle) in the angular range of cos θcm = 0.8–1.0 together with the
cross sections reported by Good and Koﬂer [29] (open circles) and
Dahl et al. [30] (open box). The differential cross sections gradu-
ally decrease with the increase of the beam momentum, and the
present result is consistent with the general trend.
Fig. 5 shows the missing-mass spectrum of the 6Li(π−, K+) re-
action. The vertical axis shows the double differential cross section
in the laboratory frame averaged over the scattering angle from
2◦ to 14◦ , d2σ¯lab/dΩ/dM in a unit of nb/sr/(MeV/c2). The es-
timation of the spectrometer acceptance has small ambiguity in
the selected angular range. The uncertainty of the missing-mass
scale is ±1.26 MeV/c2 which is estimated from the beam mo-
mentum uncertainty ±1.34 MeV/c. The continuum of the unbound
Λ formation reaction and the component of the Σ− quasi-free
production reaction are observed in the missing-mass regions of
5810–5880 MeV/c2 and above 5880 MeV/c2, respectively. A mag-
niﬁed view in the missing-mass range of 5795–5830 MeV/c2 is
shown in the inset. Around the 4H + 2n particle decay thresholdΛ
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ture is observed.
As the ﬁrst step of the calculation of an upper limit of the dif-
ferential cross section, dσ¯lab/dΩ , for a state of 6ΛH, we estimated
the number of observed events in the missing-mass region around
the 4ΛH+ 2n threshold. For the estimation of the number of events
which associate to the production of a state, we set a missing-mass
window of ±2σ , where σ is rms of the missing-mass resolution
(σ = 1.36 MeV/c2). There are 3 events in the threshold region
within the missing-mass window. Therefore, we interpret the 3
events as observed events which include background and possible
signal events.
Another necessary information for the upper limit estimation
is the number of background events. Population of events are ob-
served in the missing-mass region lower than 5780 MeV/c2 where
we do not expect any physical backgrounds. The level of the event
population averaged in the range from 5700 to 5780 MeV/c2 is
(0.39 ± 0.05) events per 1 MeV/c2. These events are instrumen-
tal background due to particle miss-identiﬁcations, and a similar
level of backgrounds are expected also at the 4ΛH + 2n threshold.
The number of background events is estimated by multiplying the
background level and the width of the missing-mass window.
If the Poisson statistics is used, the upper limit of the number
of signal events is estimated to be 4.80 at 90% conﬁdence level.
Although we assume a ﬂat distribution of the background events,
the missing-mass dependence of the background level is not well
known due to the low statistics. Therefore, we employ another
upper limit of 6.68 events coming from the background free hy-
pothesis as a conservative estimation.
As shown in Fig. 5, the differential cross sections are roughly
0.1 nb/sr per event for the observed 3 events. However, the dif-
ferential cross sections largely depend on the observed scattering
angles and may have a statistical bias. If an event happens to be
observed at the forward angle, the cross section is underestimated,
and vice versa, in our setup. To avoid the bias of the observa-
tion, we estimate the differential cross section averaged over the
selected angular range, from 2◦ to 14◦ , and we obtain a value
of 0.18 nb/sr for 1 event. By using the value, the upper limit
of the differential cross section averaged in the scattering angle
from 2◦ to 14◦ is estimated to be 1.2 nb/sr at 90% conﬁdence
level.
4. Discussion
In our measurement, neither signiﬁcant peak structure nor a
large yield is observed around the 4ΛH + 2n particle decay thresh-
old in the missing-mass spectrum of the 6Li(π−, K+) reaction. The
6
ΛH hypernucleus is believed to have the
4
ΛH + 2n structure domi-
nantly and to have the 0+ ground and the 1+ excited states which
are analogous to the 0+ and 1+ spin-doublets in 4ΛH. As far as the
FINUDA result is concerned [21], the observed 6ΛH candidate events
were interpreted as the primary population of the excited 1+ state
by the (K−stopped,π
+) reaction followed by the γ -ray transition to
the ground 0+ state because the direct population of the 0+ state
should be suppressed due to the small spin-ﬂip amplitude. The
FINUDA results indicate that the excited 1+ state, whose excita-
tion energy is estimated to be 1 MeV, should be particle bound,
otherwise the γ -ray transition to the 0+ ground state should be
impossible. If the 1+ state is bound and the production cross sec-
tion is comparable with that for 10ΛLi of 11.3 nb/sr, more than 60
events should be observed as a peak in the Λ bound region in
the missing-mass spectrum of the 6Li(π−, K+) reaction. Therefore,
our observation is in conﬂict with the simple interpretation of the
FINUDA observation.Hiyama et al. [15] suggested that the both 0+ and 1+ states are
unbound. If it is the case, production cross sections may be smaller
than the sensitivity of our measurement due to the broad wave-
functions of the unbound states which have small overlaps with
the wave-function in the initial 6Li nucleus. Gal and Millener [14]
discussed another possible interpretation of the FINUDA observa-
tion. They suggested a possibility of an unbound 1+ state, whose
particle decay width is extremely small and comparable with that
of the M1 γ decay to the ground 0+ state due to kinematical and
dynamical suppression of the emission of two neutrons from the
1+ excited state. The FINUDA Collaboration also discussed another
scenario for the spectrum of 6ΛH in which two out of the three can-
didate events came from the population of the spin-triplet states,
1+ , 2+ and 3+ , at around 3 MeV excitation [31]. Therefore, it is in-
teresting to compare our upper limit, 1.2 nb/sr, with quantitative
theoretical estimations of the production cross sections because
the cross sections are sensitive to the binding energies and the
wave-functions of the low-lying states.
5. Summary
We performed the measurement of the 6Li(π−, K+) reaction at
the beam momentum of 1.2 GeV/c. No signiﬁcant peak structure
is observed around the 4ΛH + 2n threshold. The upper limit of the
differential cross section in the scattering angle from 2◦ to 14◦ is
estimated to be 1.2 nb/sr at the 90% conﬁdence level. The result
does not favor the simple interpretation of the FINUDA observation
and it suggests reconsideration of the structure of the 6ΛH hyper-
nucleus. More clear insight of the 6ΛH structure may be obtained
by comparing our cross section upper limit with quantitative the-
oretical calculations.
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